A previous study on maize F 2:3 families derived from Lo9643Lo1016 highlighted one QTL in bin 1.06 (hereafter named root-yield-1.06) affecting root and agronomic traits of plants grown in well-watered (WW) and water-stressed (WS) conditions. Starting from different F 4 families, two pairs of near isogenic lines (NILs) were developed at root-yield-1.06. The objective of this study was to evaluate root-yield-1.06 effects across different water regimes, genetic backgrounds, and inbreeding levels. The NILs per se and their crosses with Lo1016 and Lo964 were tested in 2008 and 2009 near to Bologna, with the well-watered (WW) and water-stressed (WS) treatments providing, on average, 70 mm and 35 mm of water, respectively. For NILs per se, the interactions QTL3water regime and QTL3family were negligible in most cases; the QTL additive effects across families were significant for several traits, especially root clump weight. For NILs crosses, analogously to NILs per se, the interactions were generally negligible and the additive effects across water regimes and families were significant for most traits, especially grain yield. A metaanalysis carried out considering the QTLs described in this and previous studies inferred one single locus as responsible for the effects on roots and agronomic traits. Our results show that root-yield-1.06 has a major constitutive effect on root traits, plant vigour and productivity across water regimes, genetic backgrounds, and inbreeding levels. These features suggest that root-yield-1.06 is a valuable candidate for cloning the sequence underlying its effects and for marker-assisted selection to improve yield stability in maize.
Introduction
Among the morpho-physiological traits that were listed by Ludlow and Muchow (1990) as advantageous for improving drought resistance, root features were considered of primary importance in three of the four scenarios identified by the combination of either intermittent or terminal stress environments with either subsistence or modern agriculture practices. Therefore, in view of the fundamental role played by root architecture and size in regulating the water balance of the plant, hence drought avoidance, root traits are an interesting target for programmes aimed at improving drought resistance.
Although the investigation of root traits has traditionally lagged behind the study of above-ground traits especially when measured on adult plants grown under field conditions, the development of molecular marker platforms that allow us to detect and map quantitative trait loci (QTLs) has encouraged the genetic dissection of variability in root features of different crops (Tuberosa et al., 2003; de Dorlodot et al., 2007; Bohn and Grift, 2009; Courtois et al., 2009) . In maize (Zea mays L.), a number of studies described QTLs for root features of plants grown in controlled environments (Lebreton et al., 1995; Kaeppler et al., 2000; Tuberosa et al., 2002; Hund et al., 2004; Zhu et al., 2006; Trachsel et al., 2009) and/or in the field (Guingo et al., 1998; Barriere et al., 2001; Landi et al., 2002; Chen et al., 2008) . The importance of these studies is emphasized by the fact that the co-location (overlap) of QTLs for root features with QTLs for shoot features and yield provides clues on the interpretation of the causal relationships among such traits (Lebreton et al., 1995; Tuberosa et al., 2002 Tuberosa et al., , 2003 Hochholdinger and Tuberosa, 2009 ) and can assist breeders in identifying the best QTL alleles for implementing marker-assisted selection (MAS). An important prerequisite for a successful MAS programme aimed at improving drought resistance is the identification of QTLs consistently able to affect crop growth and performance, particularly yield, across different water regimes (Collins et al., 2008) . Notwithstanding the plethora of QTLs for yield and yield components that have been described in maize (Tuberosa and Salvi, 2009) , only a handful have shown a reasonably consistent effect across soil moisture regimes (Frova et al., 1999; LeDeaux et al., 2006) , while the majority has shown a strong interaction with water regimes ). An additional constraint to a more widespread use of MAS to enhance drought resistance is the influence of the genetic background on the effect of each QTL (Collins et al., 2008) , an aspect that becomes increasingly relevant as the genetic complexity of the target trait increases, clearly the case of yield and its components, particularly under drought conditions. Previous studies conducted in the maize population obtained from the single cross Lo9643Lo1016 highlighted the role of a major QTL on bin 1.06 that was shown to influence root traits of seedlings grown in hydroponics and of adult plants grown in the field (measured as vertical root-pulling resistance at flowering; Landi et al., 2002) . These two studies also showed that the same QTL region on bin 1.06 influenced grain yield under both well-watered (WW) and water-stressed (WS) conditions, thus leading Landi et al. (2002) to hypothesize that, at least partly, this QTL might concurrently be able to affect root features and grain yield. Based on these results, the QTL will hereafter be identified as root-yield-1.06. Additionally, these findings prompted us to develop nearisogenic lines (NILs) for root-yield-1.06, so as to have genetic materials suitable for studies providing a more thorough evaluation of the QTL and, eventually, to positionally clone the sequence harbouring the relevant functional polymorphism responsible for the QTL effects. NILs that differ at a single QTL allow for a more precise and accurate assessment of the effects of a target QTL, as they can be assumed to share in homozygosity the rest of the genome, or at least, a large portion of it. Additionally, NILs can be crossed to tester lines, so as to evaluate the QTL effects not only in NILs per se but also in hybrid combination, a valuable aspect for allogamous species like maize, whose performance can be considerably biased by inbreeding depression (Hallauer and Miranda, 1988) . In maize, the development of NILs for drought-related QTLs has so far been quite limited because the procedure requires a long-lasting effort, unless NILs are produced by starting with lines having a high homozygosity level but still heterozygous at the target QTL (Tuinstra et al., 1997; Yamanaka et al., 2005) . In this paper, the development of NILs for root-yield-1.06 and their evaluation at varying water regimes, genetic backgrounds, and inbreeding levels are reported.
Materials and methods

Plant material (NILs development)
The development of NILs at root-yield-1.06 was undertaken by using, as base material, F 3:4 families from the cross between Lo964 and Lo1016 (see also Supplementary Fig. S1 at JXB online). By molecular marker analyses, F 3:4 families including heterozygous plants at the target QTL region were identified. Within each F 3:4 family, 15 plants were screened with SSR markers umc1601 and umc1709 (indicated as m 1 and m 2 , respectively, in Supplementary  Fig. S1 at JXB online) that flanked root-yield-1.06. Plants identified as heterozygous for both flanking markers were selected and selfed until the F 5:6 generation; in the subsequent F 6:7 generation, only the two homozygotes for the parental allele combinations were selected and selfed, thus producing the pair of NILs (as F 7:8 ). The absence of double recombination in the chromosome segment defined by the two markers was confirmed by testing the NILs with umc1281, an SSR located within the target interval; thus the NILs should be homozygous at the QTL either for the plus (+) or the minus (À) parental allele. The (+) allele is the one increasing both root and grain yield values and is provided by Lo1016 (based on Landi et al., 2002; Tuberosa et al., 2002) ; conversely, the (À) allele decreasing such values is provided by Lo964. Although the NILs development was started from seven F 3:4 families, it was completed for only two of them, i.e., the families indicated as no. 1 and as no. 4. According to genetic distance based on the reference maize map ' Genetic 2008' (www.maizegdb.org) , the length of the target region concerning root-yield-1.06 was 29 cM.
Finally, the two pairs of NILs were crossed to the two parental inbreds Lo1016 and Lo964 in order to evaluate NILs not only per se but also as crosses.
Molecular characterization of the two families of NILs
The two families of NILs were analysed at the molecular level in order to investigate whether the comparison within each family between NIL (+/+) and NIL (À/À) could possibly be influenced by different portions of the parental genomes, outside the region of root-yield-1.06. In particular, the four NILs and the two parental lines were analysed with public SSR markers (www.maizegdb.org) defining the 32 chromosome regions that had been shown by Landi et al. (2002) and Tuberosa et al. (2002) to harbour QTLs for root traits and/or grain yield. The following SSR markers were used: bnlg176 (bin 1.03), phi001 (1.03), umc1013 (1.08), bnlg1671 (1.10), umc1552 (2.02), mmc0231 (2.03), umc1635 (2.05), bnlg1329 (2.07), umc2085 (2.08), umc1931 (3.00), umc2048 (3.09), bnlg1265 (4.05), umc1808 (4.06), umc1940 (4.09), bnlg1606 (5.00), umc1705 (5.03), umc1221 (5.04), bnlg1118 (5.04), umc1014 (6.04), bnlg2249 (6.05), umc1859 (6.06), umc1585 (7.02), umc1660 (7.03), idp744 (7.05), bnlg162 (8.05), bnlg240 (8.06), umc1933 (8.08), umc1804 (9.06), umc1293 (10.01), bnlg1451 (10.01), umc2163 (10.04), and bnlg1518 (10.07). All SSRs were analysed using agarose or acrylamide gel-electrophoresis following standard procedures.
Field experiments
The NILs per se and their crosses with the two parental inbreds were tested for two years (2008 and 2009) in Cadriano (close to Bologna, Po Valley, Northern Italy; 11°24# E, 44°33# N) on a loam soil (clay, 18%; sand, 37%; silt, 45%). At sowing, soil moisture (as % of soil dry matter in the 0-35 cm layer) was 20. 2% and 20.5% in 2008 and 2009, respectively. Testing was made at two irrigation volumes. One irrigation volume, corresponding to an average of 70 mm of water (64 mm and 76 mm in 2008 and 2009, respectively) , was provided as sprinkler irrigations in four or five times from the end of stem elongation to the beginning-mid stage of grain filling (i.e. from the V15-V16 to the R2-R3 stage, according to Ritchie et al., 1997) . This irrigation volume was chosen as representative of the volumes most frequently used by farmers in the Po Valley to attain the most favourable growing conditions (well-watered, WW). Irrigation was made on the days subsequent to the appearance of drought stress symptoms in the WW treatment, as revealed, in particular, by leaf rolling and loss of turgor. The other volume, corresponding to an average of 35 mm of water (32 mm and 38 mm of water in 2008 and 2009, respectively) , was provided at the same time as the previous ones; this volume was chosen to represent a condition of moderate water stress (WS), mimicking the local constraints frequently present in farmers' fields. Total rainfall from sowing to harvest was 263 mm in 2008 and 196 . No border rows were used between genotypes of the same trial, because the differences among such genotypes were expected not to be particularly huge, even when significant, as NILs were originated from the same single cross and the NILs crosses were obtained using the two parental inbreds; in addition, the distance of 0.90 m between rows was deemed to be wide enough to further attenuate the possible interactions among genotypes for both below-and above-ground characteristics. The field technique usually adopted for maize in the Po Valley was applied. Trials were hand-sown at the end of April and hand-harvested at the end of September; moreover, 250 kg ha À1 of N (half before sowing and half after thinning) and 100 kg ha À1 of P 2 O 5 (all before sowing) were provided. In each trial, weeds were manually removed as necessary.
Data were collected on a single-plot basis for the following traits: (i) juvenile vigour (JV; cm), estimated as distance from the ground to the tip of the uppermost leaf (at the V12-V13 stage); (ii) days to pollen shedding (PS; d), as interval between sowing date and PS date (assessed when 50% of plants had extruded anthers); (iii) anthesis-silking interval (ASI; d), as difference between silking date (when 50% of plants had extruded silks) and PS date; (iv) concentration of leaf abscisic acid (L-ABA; ng g À1 DW) and (v) relative water content (RWC; %) both measured at the end of pollen shedding on the third leaf from the top; (vi) plant height (PH, cm), measured after pollen shedding at the flag leaf collar; (vii) number of leaves per plant (LP; no.), by first marking the fourth leaf (at the V5-V6 stage) and then the ninth leaf (at the V10-V11 stage); (viii) largest stalk diameter (SD; mm) measured on the second elongated internode; (ix) stay green [SG; as visual score for green leaf surface, from 1 (no green) to 5 (completely green)] at the R5-R6 stage (i.e. dent-physiological maturity stage); (x) kernel moisture at shelling (KM; %); (xi) grain yield (GY; Mg ha À1 ); (xii) number of ears per plant (EP; no.); (xiii) mean kernel weight (KW; mg); (xiv) number of kernels per ear (KE; no.) calculated as the ratio between grain yield per plant and the product between EP and KW; (xv) weight of the root clump (RC weight; kg plant À1 ) measured 5-6 d after harvesting (stalks were cut at ca. 25 cm from the soil, then clumps were uprooted by handpulling and weighed). RC weight was recorded only for NILs per se; at sampling, soil moisture was 13.7% (2008 WS trial), 13.1% and 13.6% (2009 WS and WW trials, respectively) . L-ABA, RWC, and SG were investigated only in the 2009 trials. JV, L-ABA, RWC, PH, SD, and RC weight were recorded on five competitive plants per plot (non-consecutive for RC); KW was measured on a sample of 200 kernels per plot, while all other traits were investigated at the whole-plot level, after discarding the first and the last plant of each row. L-ABA was measured on duplicate samples of a bulk of five leaves per plot; an ABA-specific monoclonal antibody (Quarrie et al., 1988) was used as described in Tuberosa et al. (1994) . RWC was measured on the same leaf sample used for measuring L-ABA; leaf discs were weighed and then immersed in deionized water overnight at 4°C to regain turgidity and finally weighed and dried. RWC was computed as (fresh weight-dry weight)/(turgid weight-dry weight)3100. Both GY and KW were adjusted to 15.5% moisture.
Statistical analyses
The analysis of variance (ANOVA) was first conducted within each trial, then combined across trials for NILs per se as well as for NILs crosses. As to NILs per se in the single trial (Table 1) , the 3 degrees of freedom (df) for NILs were partitioned into the following sources with 1 df each: between families (FAM), between NILs (+/+) and (À/À) across families (estimating the variation due to twice the QTL additive effect), and the corresponding FAM 3 [(+/+) versus (À/À)], estimating the interaction between the additive effect and the genetic background. In the combined ANOVA across the three trials, the interaction trials (environments) 3 NILs and its components were also investigated.
As to the ANOVA for NILs crosses (Table 1) , the 3 df for trials were partitioned into the following sources with 1 df each: between years (Y), between irrigation treatments (WW versus WS) and the corresponding interaction. The 7 df for crosses were partitioned into among NILs (3 df), between testers (TS, 1 df), and the corresponding interaction; then, the among NILs was partitioned into three components with 1 df each: between families (FAM), between NILs (+/+) and (À/À) across families, and the corresponding interaction. Two sources of variation were of greater importance, i.e. the between NIL (+/+) and (À/À) estimating the variation due to the average effect of the QTL allele substitution and the interaction TS3[(+/+) versus (À/À)] estimating the 
Trials3Crosses 21
a The partitioning of the 3 df is not presented, being the same as that of NILs.
variation due to the QTL dominance effect. In particular, the average effect of the QTL allele substitution corresponds to a+d3(qÀp) (Falconer and Mackay, 1996) , where a and d are the additive and dominance effects, respectively, and p and q are the average allelic frequencies over the two related testers. Because both average allelic frequencies are equal to 0.5 ( p being equal to 1 for one tester and equal to 0 for the other and vice versa for q), it follows that the average effect of the QTL allele substitution corresponds to a. In the combined ANOVA across trials, the interaction trials3crosses (21 df) and its components were investigated.
With respect to the calculations of the a effect of root-yield-1.06, different procedures were followed for the NILs per se and for the NILs crosses. For the NILs per se, a was calculated as the halved difference between NIL (+/+) and NIL (À/À). For the NILs crosses, a was calculated as the difference between the mean value [Lo10163NIL(+/+)+Lo9643NIL(+/+)]/2 and the mean value [Lo10163NIL(À/À)+Lo9643NIL(À/À)]/2. The d effect was calculated as the difference between the mean value [Lo10163NIL(À/À) +Lo9643NIL(+/+)]/2 and the mean value [Lo10163NIL(+/+) +Lo9643NIL(À/À)]/2. To have an estimate of the relative importance of the d effect, the d/a ratio was calculated.
QTL meta-analysis Meta-analysis was applied to test whether the single QTLs for different traits identified on the Lo9643Lo1016 population grown in different environments corresponded to the same meta-QTL (Goffinet and Gerber, 2000; Khowaja et al., 2009) . For this purpose, information was collected on the peak position, supporting interval, nearest molecular markers, proportion of phenotypic variance explained, and population size for QTLs mapped at or near bin 1.06, based on our previous studies Tuberosa et al., 2002; P Landi, unpublished results) involving the cross Lo9643Lo1016. The position of 15 bin 1.06-QTLs (three QTLs for root traits in hydroponics, two for vertical pulling resistance, four for plant height, two for stay green, one for drought tolerance index, and three for grain yield) was projected on the maize reference map 'Genetic 2008' (www.maizegdb.org /map) following the homothetic approach . The 'Genetic 2008' map was chosen as reference because it provides the typically high genetic resolution with distances expressed in standard cM, therefore facilitating the comparison of marker distances or confidence intervals. Following projection, QTL meta-analysis was carried out using BioMercator 2.1 (Arcade et al., 2004) .
Results
Molecular characterization of the NILs
For the 32 chromosome regions that were surveyed with SSR markers, the two NILs within each family always shared the same genetic make-up, except for the QTL region (ca. 20 cM on the original map) on bin 3.09 that influenced primary root weight in hydroponics. Therefore, these data clearly indicate that within each NIL pair the comparison between NIL (+/+) and (À/À) was carried out in a highly isogenic genetic background and that the estimate of root-yield-1.06 effects should not be much affected by loci fixed at random in one NIL and not in the other of the same family.
Evaluation of NILs per se
The ANOVA (not shown) indicated significant differences among the three trials for all investigated traits except PS, thus indicating that the four NILs were tested across a broad range of growing conditions. The mean values of the three trials for the investigated traits are given in Despite the large differences among the three trials, the interaction trials3NILs was significant only for KM and RC weight; also the interaction FAM3[(+/+) versus (À/À)] was significant only for few traits (i.e. JV, LP, and KM). Therefore, given the negligible magnitude of these interactions, only the mean values of NILs (+/+) and (-/-) across the three trials and the two families are presented and discussed. The comparison between these two means (Table 3 ) was significant for several traits (JV, PS, PH, LP, SD, SG, KM, KW, and RC weight), with the NILs (+/+) Comparison between WW and WS trials of 2009: * and **, significant at P <0.05 and P <0.01 level, respectively; ns, not significant. The comparison among the three trials was significant at P <0.01 for all traits except PS (ns).
b Meaningless comparison because irrigation was applied after the measurements of the trait.
c As interval from sowing. showing higher values than the NILs (-/-). Therefore, the additive effect, when significant, was always positive, indicating that the QTL allele increasing the value of the traits was always the (+) allele provided by Lo1016. In particular, the results indicated that the (+) allele, as compared to the (À) allele, conferred greater juvenile vigour, later flowering and maturity, and a larger size for the above-ground traits and for root mass (as estimated by RC weight). Moreover, the greater lateness conferred by the (+) allele was not indicative of a slower growth, being just due to the greater LP number, hence a delayed switch from the vegetative to the reproductive phase. In fact, when considering as an estimate of growth rate the ratio between the number of leaves/plant and the growing degree days from field emergence to PS date, the two NILs homozygous for the (+) allele averaged a value very similar to that of the other two NILs homozygous for the (-) allele (data not shown). For most traits, the a effect ranged from 3% to 8% as referred to the overall mean. Interestingly, an a effect of 8% was noted for GY, but the effect was not significant because of the large experimental error of this trait (as confirmed by the fact that the coefficient of variation was 22.7% for GY versus 5-10% for the other traits). A sizeable a effect (30% as referred to to the overall mean) was noted for RC weight; to have a better insight of this trait, some representative RCs of the four NILs are shown in Fig. 1 . It is noteworthy that RC weight is a complex trait arising from the contribution of the shallowest roots, the adhering soil, and the base of the stalk.
Evaluation of NILs crosses
The ANOVA (not shown) indicated that most of the variation among the four trials was due to the watering regimes (WW and WS), whereas the difference between years and the interaction between these two factors were of minor importance. The WS treatment showed a mean value significantly lower than that of WW for most traits (Table 4 ). The greatest decrease of WS versus WW was exhibited by GY (-25%); in particular, the decrease in GY was greater in 2009 (-29%) than in 2008 (-21%). Significant decreases were also detected for RWC, PH, LP, SG, and KM as well as for the three yield components; the only trait for which the WS treatment showed a higher mean value b Significance of the a effect: * and **, significant at P <0.05 and P <0.01 level, respectively; ns, not significant.
c As interval from sowing. d Score from 1 (no green) to 5 (completely green). was L-ABA, consistently with the expected increased stress conditions experienced by the plants because of water shortage. These data are thus in accordance with those for the NILs per se and indicate that the irrigation treatments were also adequate in determining different growing conditions for NILs crosses.
As to the analysis of the different interactions (data not shown), it should be underlined that (i) the variance due to years3crosses, even if significant for some traits, was always smaller than the variance due to crosses; (ii) the (WW versus WS)3crosses interaction was not significant for any trait and also the detailed analysis of the components of this interaction provided the same type of information, and (iii) the interactions involving the families were also of negligible importance. Collectively, these results indicate that the effects of root-yield-1.06 were not much influenced by the climatic conditions of the two years, the two irrigation treatments, and the two genetic backgrounds (families). Therefore, only the overall mean values of the four crosses are presented in Table 5 .
The differences among crosses were significant for all traits and largely due to the differences between the two testers; in particular, Lo1016 showed a higher GY across NILs mainly due to the contribution of the KE component. The QTL a effect was significant for JV, PH, LP, SG, KM, GY, KW, and KE; for all these traits the a effect was positive. This latter finding is consistent with the results of the NILs per se evaluation, indicating that Lo1016 always contributed the QTL allele increasing traits' value. Analogously to what was noted in the NILs per se, the a effect of almost all traits ranged from 3 to 8% of the overall means; in particular, the additive effect for GY (0.63 Mg ha À1 , P <0.05) reached the same percentage (8%) as in the NILs evaluated per se. On the other hand, the a effect was not significant for traits such as ASI, L-ABA, and RWC, i.e. those traits more directly influenced by the plant water status. The QTL d effect was significant for SG and GY, with a d/a ratio equal to 0.7 (thus indicating partial dominance) for SG and equal to 1.0 (complete dominance) for GY.
QTL meta-analysis
By means of QTL meta-analysis, the hypothesis was tested that the QTL effects on root morphology and pulling resistance, stay-green, plant height, drought-tolerance index, and grain yield that were given for bin 1.06 in our previous studies (see Supplementary Table S1 at JXB online) correspond to a single segregating locus in the Lo9643Lo1016 population. A total of 15 QTLs were projected on the maize reference map and considered for QTL meta-analysis. The best fit model supported the presence of only one segregating meta-QTL located at position 130 cM (95% confidence interval: 127-133), slightly south of the bin 1.06 anchor marker umc67a (Fig. 2) .
Discussion
A deeper understanding on how crops can mitigate the negative effects of water shortage on growth and yield will only be possible through a better knowledge and targeted Table 5 . NILs crosses: overall mean values (2 years32 irrigation treatments32 families) of NILs (+/+) and (-/-) combined with testers Lo1016 and Lo964 and QTL additive (a) and dominance (d) effects a Significance of effects: * and **, significant at P < 0.05 and P < 0.01 level, respectively; ns, not significant. manipulation of the genetic factors that limit plant functions under such conditions (Tuberosa and Salvi, 2006; Ribaut et al., 2009) . To this end, the availability of NILs for QTLs able to influence the adaptive response to drought provides valuable opportunities to disentangle the functional complexity behind such a response while providing clues on the selection strategy eventually to be adopted in order to maximize yield across different water regimes.
Responses to WW and WS treatments of NILs per se and NILs crosses
The responses to water treatments of NILs per se and of NILs crosses should be compared with caution because these materials were tested in different trials and, as to NILs crosses, because of the peculiar combining ability effects of the two inbred testers. Nonetheless, it is noteworthy that a more marked GY decrease from WW to WS conditions was observed in 2009 for NILs per se than for NILs crosses, thus indicating that the same WS treatment exerted a different effect depending on the level of homozygosity of the investigated materials. These findings can be accounted for by considering the positive role played by heterosis, as compared with inbreeding depression, in alleviating the negative effects of drought (Betrán et al., 2003) . All three yield components contributed to the more marked decrease of GY of NILs per se, with the largest contribution due to the fitness-related trait KE.
Influence of water treatments on the QTL effects
The effects of the investigated QTL were stable across water regimes for both the NILs per se and the NILs crosses. This stability is consistent with previous findings , hence supporting the hypothesis that the QTL acts mainly constitutively rather than being water-stress responsive , at least within the range of stress conditions investigated in this and the previous studies. According to Bruce et al. (2002) , yield potential can play an important role in determining the yield level under moderate drought stress, whereas it may not when the yield level drops below 50-60% because of a very severe drought stress. In previous QTL studies conducted under both WW and WS conditions, a much larger number of QTLs were common to the two water regimes in case of moderate WS (Frova et al., 1999) , as compared to more severe WS conditions (Ribaut et al., 1997; Lu et al., 2006; Messmer et al., 2009) . It is also noteworthy that the characteristics determined by the (+) allele (from Lo1016) are not consistent with the adaptive features of the drought-stress-tolerant ideotype, such as smaller stature, shorter anthesis-silking interval, and root system poorly developed in the shallow layers, that have been suggested by Ribaut et al. (2009) . Collectively, our findings strengthen the hypothesis that root-yield-1.06 is not directly involved in the control of drought response.
Influence of the genetic background and inbreeding level on the QTL effects
The level of isogenicity of the two pairs of NILs was very high, as shown by the fact that among the 32 chromosome regions that were surveyed with SSR markers, only one showed contrasting alleles within each NILs pair. Because this latter region was previously shown to influence the weight of the primary seminal root but not other features of root architecture as well as agronomic traits Tuberosa et al., 2002) , its effects on the comparison between NIL (+/+) and (À/À) for both families were most likely marginal, consistently with the negligible importance of the interactions involving families and root-yield-1.06 effects. In fact, the root-yield-1.06 effect for the majority of the investigated traits did not substantially change from one family to the other for both NILs per se and NILs crosses, thus indicating that the QTL is not subjected to important epistatic interactions, at least in the two genetic backgrounds considered in this study.
Moreover, the QTL additive effect did not show any substantial difference between NILs per se and NILs crosses, thus underlining also the stability of the effects of root-yield-1.06 across materials with different inbreeding coefficients (F very close to 1 for NILs per se and, on average, equal to 0.5 for NILs crosses). In particular, the GY additive effect (as referred to the mean) estimated in the NILs per se was similar to that estimated in the NILs crosses; nonetheless, it was significant only for the NILs crosses, a finding that Fig. 2 . Results of QTL meta-analysis of 15 QTLs for droughttolerance index (DTI), grain yield (GY), plant height (PH), vertical root pulling resistance (VRPR), and root morphology in hydroponics (adventitious root dry weight, R2W; primary root length, R1L; primary root diameter, R1D) identified at bin 1.06 in the cross Lo9643Lo1016. Full QTL details are provided in Supplementary  Table S1 at JXB online and were originally described in Landi et al. (2002) and Tuberosa et al. (2002) . Meta-analysis was carried out using BioMercator 2.1 (Arcade et al., 2004) . The only consensus 'meta-QTL' identified is indicated by the dashed line.
should be ascribed to the greater statistical power attained in the analysis of this latter material (mainly because four trials were conducted for NILs crosses as compared to three trials for NILs per se and because of lower experimental errors in the trials for NILs crosses). The high stability of the root-yield-1.06 effect across materials with different inbreeding coefficients is further confirmed by the fact that the QTL additive effect for GY estimated in this experiment was also consistent with the effect for GY estimated by Tuberosa et al. (2002) using the F 2:3 families (F equal to 0.75) derived from the same single cross (Lo9643Lo1016). Therefore, the stability across genetic backgrounds (i.e. the two families), inbreeding levels and, more importantly, also water regimes makes root-yield-1.06 a particularly valuable candidate for MAS programmes.
Characterization of the effects of root-yield-1.06 across water regimes and genetic backgrounds
The QTL additive effect was notable for almost all investigated traits concerning the size and the vigour of both root and above-ground plant traits. As to the root, the RC weight (i.e. a trait that estimates the size of the root and the strength of its soil anchorage; Thompson, 1968; Nass and Zuber, 1971 ) was investigated. The positive additive effect of root-yield-1.06 for RC weight was consistent with the positive additive effect for both the weight of adventitious seminal root traits of seedlings in hydroponics and vertical root-pulling resistance as evaluated on adult plants in the field . Therefore, all these findings support the role of this QTL in affecting root traits throughout the plant's life cycle. Positive additive effects of root-yield-1.06 were also found for agronomic traits, especially grain yield, consistently with what was previously reported Tuberosa et al., 2002) . Such a consistency of concurrent effects of root-yield-1.06 on the vigour of both root and shoot (agronomic) traits is partly unexpected because of the increasing competition for photosynthates of a larger root system against the shoot. Indeed, negative associations between root strength (as evaluated by resistance to root pulling or to root lodging) and above-ground plant traits (mainly grain yield) have been reported in several studies (Beck et al., 1988; Bolaños et al., 1993; Landi et al., 2007) . In particular, the significant improvements for agronomic traits and grain yield reported by Bolaños et al. (1993) following recurrent selection for grain yield under drought were accompanied by a reduction of vertical root-pulling resistance, in turn due to a reduction of root biomass in the upper soil layers. In all likelihood, the consistent association among additive effects of root-yield-1.06 for root, shoot, and agronomic traits found in our study as well as in previous ones Tuberosa et al., 2002) can be accounted for by assuming that these traits are concurrently controlled by the same gene/s. This concurrent control might arise because the underlying gene/s is/are active at an early stage of plant development and then control a sequence of functionally interrelated traits, including grain yield as the final outcome. If the association among additive effects were due only to linkage, inconsistent effects (i.e. positive for some traits and negative for others) should be found as well. Accordingly with this hypothesis, the QTL meta-analysis carried out considering 15 QTLs for morpho-physiological traits previously identified in the Lo9643Lo1016 background fully supported root-yield-1.06 as a single segregating QTL. Notably, the meta-analysis also allowed for a remarkable reduction of the confidence interval of root-yield-1.06, which has been mapped on the 'Genetic 2008' reference map within ca. 6 cM. On the other hand, a possible contribution of linkage to the observed positive association among the investigated traits can not be entirely dismissed, since tightly linked genes in bin 1.06 controlling root and agronomic traits could have been fixed in the coupling phase during the selection of the two parental inbreds Lo964 and Lo1016. Also other studies conducted on different genetic materials have shown that this QTL region influences root (Lebreton et al., 1995; Kaeppler et al., 2000; Barriere et al., 2001; Tuberosa et al., 2003; Liu et al., 2008) and shoot traits (e.g. Koester et al., 1993; Pelleschi et al., 2006; Lauter et al., 2008) , as well as grain yield and its components (Ribaut et al., 1997; Bohn et al., 2000; Hirel et al., 2001; Malosetti et al., 2008) . Moreover, several studies pointed out that this chromosome region affects important physiological and biochemical traits, which, in turn, are somehow influenced by root features, such as absorption and utilization efficiency of nitrogen (Bertin and Gallais, 2001 ) and phosphorus . On the contrary, the QTL did not show appreciable effects on RWC, L-ABA, and ASI (despite the effects of root-yield-1.06 on root mass), further corroborating the hypothesis that the nature of root-yield-1.06 is mainly constitutive.
The QTL dominance effect was significant for SG and GY, and, in both cases, it was positive, thus indicating that the favourable (+) allele contributed by Lo1016 was the dominant one. The importance of the dominance effects (especially for GY) is consistent with the hypothesis previously discussed, i.e. that root-yield-1.06 could be involved in the control of plant's vigour and, hence, also in the manifestation of heterosis, further contributing to the maintainance of growth under a broad range of growing conditions.
Conclusions
Collectively, our study shows that root-yield-1.06 affects constitutively and consistently root features, agronomic traits, and grain yield in maize across the soil moisture regimes and the genetic backgrounds tested here, and irrespective of the inbreeding level. In view of these features, root-yield-1.06 represents an interesting target for MAS aimed at increasing and stabilizing yield in maize across water regimes. Moreover, the effects of root-yield-1.06 on simple and easily measurable root and shoot traits at an early growth stage, as previously shown by Tuberosa et al. (2002) , suggest the feasibility of its fine mapping and, eventually, positional cloning to identify the underlying gene(s) and to elucidate the genetic cause of the concurrent effects of this QTL on root and agronomic traits. In this respect, the availability of NILs for root-yield-1.06 represents an essential prerequisite for undertaking its fine mapping and cloning . In addition, the same NILs provide an opportunity for testing the QTL effects across several testers obtained from different germplasm pools and evaluating the interactions of root-yield-1.06 with other QTLs for root traits and other drought-related traits for which NILs are already or will become available.
